The mismatch repair (MMR) system promotes genomic fidelity by repairing base-base mismatches, insertion-deletion loops and heterologies generated during DNA replication and recombination. This function is critically dependent on the assembling of multimeric complexes involved in mismatch recognition and signal transduction to downstream repair events. In addition, MMR proteins coordinate a complex network of physical and functional interactions that mediate other DNA transactions, such as transcription-coupled repair, base excision repair and recombination. MMR proteins are also involved in activation of cell cycle checkpoint and induction of apoptosis when DNA damage overwhelms a critical threshold. For this reason, they play a role in cell death by alkylating agents and other chemotherapeutic drugs, including cisplatin. Inactivation of MMR genes in hereditary and sporadic cancer is associated with a mutator phenotype and inhibition of apoptosis. In the future, a deeper understanding of the molecular mechanisms and functional interactions of MMR proteins will lead to the development of more effective cancer prevention and treatment strategies.
Introduction
Dealing with the potentially mutagenic consequences of DNA damage is a fundamental biological property acquired by living organisms early during evolution. Thus, it is not surprising that most mammalian DNA repair enzymes show significant structural similarities to their bacterial counterparts. However, mammalian DNA repair enzymes, like other mammalian proteins, often contain additional domains and structural features along with the catalytic region which directly processes DNA damage. It is fair to assume that these domains represent functional and regulatory add-on modules which provide interaction interfaces allowing coordination of DNA repair reactions with essential aspects of the biology of mammalian cells, such as cell cycle checkpoint control, transcription, DNA methylation, proliferation and apoptosis. Furthermore, through gene duplication during evolution and the modulation of splicing, multiple related DNA repair genes and different isoforms replace in eukaryotic cells the function of a single bacterial homologue. The combinatorial use of these multiple gene products increases exponentially the number of possible interactions; thus providing the necessary versatility in DNA damage recognition and coordination with other cellular events, which is appropriate for the complex metabolic circuitry of eukaryotic cells.
In this article, using the mammalian DNA mismatch repair (MMR) system as a case study, I will review the literature on the functional interactions and signaling pathways stemming from this specialized system of DNA repair.
Interactions among mammalian DNA mismatch repair proteins
The MMR system maintains genomic stability by repairing base-base mismatches and insertion/deletion loops (IDLs) originating during DNA replication, as well as heteroduplexes occurring during recombination. 1 ± 3 In so doing, MMR improves the fidelity of DNA biosynthesis by 100 ± 1000-fold, complementing the intrinsic error-free and proofreading properties of replicative DNA polymerases and lowering the overall mutation rate to one error per 10 10 nucleotides synthesized. 2 This role of genome stabilization is critically dependent on the ability of MMR proteins to recognize the DNA damage over a vast excess of normal DNA structures: in fact, it is estimated that a mismatch occurs every 10 6 ± 10 7 base pairs. 4 In addition, a system is implemented, via the assembling of a signaling complex, to identify and discriminate the newly synthesized DNA strand, which by definition contains the misincorporated DNA base. The advantage of a signaling complex is that it can be adapted to perform additional tasks, such as the induction of apoptosis if DNA damage exceeds a given threshold (see below). Alterations in the accurate mechanisms of MMR have profound consequences, from an increase of the mutation rate in simple unicellular organisms (`mutator phenotype') to a pathogenetic role in hereditary and sporadic cancer in humans. 5 ± 8 The mechanistic details of MMR function are emerging via a convergence of biochemical and structural studies, genetic experiments, toxicology and cell biology analyses and, last but not least, clinical and pathological findings.
MMR 101: the E. coli paradigm
The biochemistry of MMR is well defined in Escherichia coli and the entire repair reaction has been reconstituted in vitro. Eleven biochemical activities function in three steps: initiation, excision and resynthesis. 2, 9 In the first step, the mismatch is detected by a homodimer of MutS, and upon interaction with a homodimer of MutL in the presence of ATP the single-strand endonuclease MutH is activated. MutH incises the newly synthesized DNA strand, which by definition contains the DNA synthesis error, at the closest GATC sequence located up to 1 ± 2 kb away, either 5' or 3' to the mismatch. In E. coli, DNA methylation is used as the strand discrimination signal: MutH identifies the new strand for its transient lack of adenine methylation at the GATC site. For these features, this pathway of MMR is defined as methyl-directed, post-replicative or longpatch MMR. During the excision step, in the presence of DNA helicase II (MutU), single-strand exonucleases Exo I (5'43'), Exo VII, Exo X and RecJ (all 3'45') remove the DNA tract between the incised, hemimethylated GATC site and the mismatch. Resynthesis is mediated by DNA polymerase III holoenzyme, single-strand binding protein, and finally, DNA ligase seals the nick. 2, 9 Functional networks in DNA damage recognition: the advantage of combinatorial interactions Eukaryotic MMR has general features resembling those of the E. coli paradigm, such as the ability to perform strand discrimination, bidirectional excision and employment of the replicative DNA polymerases. 2, 3 However, multiple players at any given step are employed and the mechanistic details of their concerted actions are not fully understood.
In humans, at least five mutS homologue (MSH) genes exist: MSH2, MSH3, MSH6, which play a role in MMR, and MSH4 and MSH5, which are involved in meiotic recombination (Table 1) . Phylogenetic and phylogenomic analyses revealed that these genes have evolved from Msh1, a direct descendant of MutS involved in MMR of mitochondrial DNA, which exists in yeast but not in mammalian cells (Table 1) . Similarly, four mutL homologues are known: MLH1 (mutL homologue 1), MLH3, PMS2 and PMS1 (the latter two named after their yeast homologues, originally identified in a screen for postmeiotic segregation genes) ( Table 1) . No homologue of mutH has been hitherto identified in eukaryotes, thus leaving open the issue of how strand discrimination is performed (see below).
Whereas the bacterial MutS and MutL proteins are homodimers, their eukaryotic homologues function as heterodimers. Thus, human MSH2 interacts with MSH6 (also known as G:T-binding protein, GTBP) to form the complex named hMutSa, 10 and with MSH3 to form the complex named hMutSb. 11 An additional heterodimer is formed by MSH4 and MSH5. 12 Similarly, MutL homologues are organized in heterodimers: human MLH1 and PMS2 combine to form hMutLa, 13 whereas MLH1 and PMS1 constitute hMutLb; 14 more recently, a complex formed by MLH1 and the newly identified MLH3 has been described. 15 The various combinatorial complexes perform specialized functions: hMutSa complex is involved in the repair of base-base mismatches and 1-bp IDLs, whereas the hMutSb complex repairs IDLs of more than 1-bp but less than 12-bp ( Figure 1 ). Longer IDLs up to 216-bp are repaired by a pathway independent of MMR. 16 However, based on the mutational spectrum of MMR-deficient cell lines and on gene reintroduction experiments, hMutSb may also play an accessory role in the repair of basebase mismatches. 17 The meiosis-specific MSH4 and MSH5 proteins (Figure 1 ) lack an aminoterminal domain essential for the recognition of mispaired/misaligned bases and therefore do not participate in the repair of mismatched bases and IDLs. 
Usually, loss of expression by promoter hypermethylation
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MutS and MutS homologues have ATPase activity, 19, 20 and more recently, based on structural similarities to HSP90 and DNA gyrase, MutL was also found to have ATPase activity 21 (see below). Accumulating evidence points to the existence both in yeast and mammalian cell extracts of higher order complexes of MutS and MutL homologues, 22, 23 however the precise functional properties of these interactions are not clearly defined. The hMutLa heterodimer associates with both hMutSa and hMutSb, participating in the repair of both mismatches and IDLs and providing most of the MutL-function in mutation avoidance 24 ( Figure 1 ). The other two MLH1-containing complexes provide a minor role in mutation avoidance: 24 the functional properties of hMutLb are poorly defined and the MLH1-MLH3 complex is likely to function in IDL repair; 15 based on analogies with the yeast system, 25 the MLH1-MLH3 complex may also play a role in meiotic recombination ( Figure 1) .
Thus, based on the available evidence obtained in mammalian systems and on extrapolations from the yeast studies, at least six complexes of MutS and MutL homologues exist in mitotic and meiotic cells (Figure 1 ).
Structural insights into the function of MMR proteins
In the past few years, structural biology successfully entered the MMR field, offering direct confirmation of previous biochemical observations and producing remarkable insights into the function of MMR proteins.
Recently, the crystal structure of E. coli Mut S bound to a G:T mismatch and of Thermus aquaticus (Taq) MutS bound to DNA containing an unpaired T were determined. 18, 26 The two structures are very similar: MutS functions as a dimer with the general shape of twò opposing commas' or`praying hands' joined by interactions at a single, composite ATP-binding site on one side, and at the bound mispaired/unpaired DNA on the opposite side, immediately suggesting allosteric communication between DNA binding and ATP binding and hydrolysis. The dimer encircles two channels, with diameters of approximately 30 and 40 A Ê , the latter being occupied by the mismatched DNA. 18, 26 Each subunit is formed by five flexible domains ensuring versatility in DNA damage recognition; however, upon mismatch binding, the structure is stabilized. Mismatch binding involves substantial conformational changes in each monomer and a sharp (*608) kinking of the mismatched DNA towards the major groove, widening and flattening the minor groove. 18, 26 This double induced fit of MutS and mismatched DNA may explain the remarkable mismatch detection properties of MutS proteins over a large background of normal DNA structures. 27 The five domains are defined as I, mismatch binding'; II,`connector'; III,`core'; IV,`DNA clamp'; and V,`ATPase'. Whereas the mismatch binding and DNA clamp domains are involved in binding to mismatched DNA, the connector and core domains constitute the backbone of each subunit and are Interactions and signaling properties of mammalian DNA MMR proteins A Bellacosa involved in transmitting allosteric information of bound DNA co-factor to the ATPase domain. 18, 26 Interestingly, in both structures, the same FXE motif in domain I, is involved in binding to the G:T mismatch and to the unpaired T; with the phenylalanine aromatic ring stacking onto the T and the glutamic acid carboxyl group hydrogen-bonding to the T. Remarkably, only one subunit interacts with the mismatched T, creating an asymmetry in the dimer. In eukaryotes, the asymmetry is reflected by the heterodimers MSH2-MSH6 and MSH2-MSH3. This suggests that MSH6 and MSH3 are the subunits involved in mismatched/misaligned DNA recognition. By lacking a large segment of domain I, MSH4 and MSH5 are not involved in mismatch recognition: the absence of this domain would create a single *70 A Ê diameter channel in the MSH4 and MSH5 dimer that could easily accommodate, side by side, two DNA molecules such as Holliday junctions during recombination. 18 The ATPase domains are located on the opposite sides of the dimer, away from the bound DNA, and are interleaved with each other. They contain the Walker A and B motifs, and their general fold resembles that of the ABC superfamily of ATPases, which includes transporters such as the cystic fibrosis protein, CFTR, and other DNA repair molecules, such as the double strand break repair enzyme, Rad 50. Like other ABC superfamily members, each ATPase active site is composite, i.e. shared between the two subunits across the dimer interface, an arrangement that is likely to coordinate conformational changes of both monomers. 18, 26, 28 The MutS dimer is also asymmetric with respect to nucleotide binding. Thus, in E. coli MutS crystal, only the ATP binding site of the mismatch-binding subunit is occupied by ADP; 26 and despite the presence of two ADP molecules in each domain V of Taq MutS, a structural asymmetry is evident. 28 At the moment, crystals of the ATP-bound form of MutS are not available. Major conformational changes take place in MutS and MutS homologues after ADP/ATP binding and ATP hydrolysis. These changes have been detected by electron microscopy and partial proteolysis studies 29 and are reflected by the cracking of MutS-DNA crystals after immersion in ATPcontaining solution. 28 Based on similarities with the structure of the composite ATPase sites of Rad 50, available in the ATP-bound state, it has been proposed that a domain V helix is repositioned after g-phosphate binding. The induced conformational change can then be transduced via the relatively rigid domain II/III (transmitter region) to the DNA binding domains, modulating the interaction with DNA. 30 The crystal structure of the N-terminal region of MutL (named LN40), containing all the conserved residues, has been determined. 21, 31 Whereas the C-terminal region of MutL mediates constitutive dimerization, the N-terminal region undergoes ATP/ADP-regulated dimerization during MMR. In fact, LN40 is a partially unstructured, elbowshaped, two-domain monomer that resembles DNA gyrase and the chaperone HSP90. Upon binding to the nonhydrolyzable ATP analog, ADPnP, LN40 becomes well ordered, dimerizes and a large DNA binding groove is formed in the middle of the dimer. Dimerization is mediated mostly by the association of the first domains, each binding a nucleotide molecule. 21, 31 Given the sequence conservation, MutL homodimerization is likely to be reflected by heterodimerization of eukaryotic MutL homologues.
Upon ADPnP-induced dimerization, two potential interfaces for interaction with MutS and MutH are formed. In turn, dimerization leads to ATP hydrolysis, generating an ADP-bound dimer. The latter is more relaxed, decays to monomers, and eventually to the nucleotide-free form, which does not activate MutH. Thus, like MutS, MutL is also a molecular switch and is regulated by cycles of ATP binding and hydrolysis. 31 Modeling data suggest that MutL signaling to MutH may be regulated by structural modifications. MutH structure has homology to type II restriction endonucleases, but, in keeping with its single strand endonuclease activity, it is a monomer. It has the shape of a two-domain open clamp delimiting a DNA binding cleft. The active site is located at the bottom of the cleft and unlike restriction enzymes is conditionally regulated. Regulation appears to be mediated by MutL conformational changes transmitted to the MutH Cterminal helix that acts as a lever, causing a rotation of the two domains and orienting them for catalysis. Thus, the general theme of conformational switches is further exploited in MutH. 32 Signaling complexes in DNA repair: three models for one problem, strand discrimination A central problem in MMR concerns the recognition of the mismatch or other DNA damage and the assembling of a multimeric complex able to coordinate subsequent repair events, including strand discrimination, and possibly transduction of additional responses, such as cell cycle arrest and apoptosis. The adenosine nucleotide binding property and ATPase activity of MutS and MutL proteins point to their signaling features.
It was originally hypothesized that MSH2-MSH6 might act as a molecular switch regulated by a cycle of ADP/ATP binding and ATP hydrolysis to ADP, much as the G protein family members are regulated by guanosine nucleotides during transmembrane signal transduction. 33, 34 In this model, MSH2-MSH6 is capable of high-affinity mismatch recognition in its ADP-bound state and mismatch binding acts as nucleotide exchange factor provoking the ADP-ATP exchange. The ATP-bound form of MSH2-MSH6 undergoes a conformational change into a clamp with reduced affinity for the mismatch and diffuses freely along the DNA in an ATP hydrolysis-independent fashion (`sliding clamp'), signaling to additional components of the MMR machinery (and above a threshold of DNA damage to pro-apoptotic mediators) (Figure 2A) . 29, 35 Signaling to the replicative polymerase may change the polymerase's conformation in such a way that the forward processivity is stopped and the 3'45' exonuclease activity is activated, removing the newly synthesized DNA strand. 29, 35 It should be noted that these latter aspects of the sliding clamp model are at the moment hypothetical; however, this model explains well the directionality of the excision towards the mismatch (and resynthesis in the opposite direction). In this model, tethering of the MMR machinery to the replicative polymerase would allow strand discrimination. The direct interaction of MLH1, MSH3, and MSH6 with the polymerase processivity factor PCNA (see below) may link MMR to DNA replication: the DNA termini of the leading strand would provide the strand discrimination signal by marking the newly synthesized DNA. 2, 3 A second model (``ATP-dependent translocation'') (Figure 2B ) is based initially on electron microscopic visualization of E. coli MutS bound to heteroduplex DNA: 20 MutS extrudes a DNA loop in an ATP hydrolysis-dependent Figure 2 Models of the signaling properties of MMR proteins in mismatch recognition and subsequent repair events. (A) Mismatch binding acts as an ADP-ATP exchange factor; the ATP bound MSH2-MSH6 complex becomes a`sliding clamp' that diffuses freely in an ATP-hydrolysis-independent fashion along the DNA, signaling to additional components of the MMR machinery and to the replicative DNA polymerase. Upon ATP hydrolysis that is perhaps stimulated by MLH1-PMS2, the MSH2-MSH6 complex is released from DNA. (B) In the`ATP-dependent translocation' model, hMutSa upon mismatch binding moves away from the mismatch along the helix contour by using the energy of ATP hydrolysis, thus linking mismatch recognition to the strand break or DNA terminus that directs excision to the newly synthesized strand. (C) The`induced fit' model precludes dissociation of MutS from the mismatch. Subsequent repair events, including strand discrimination, are coordinated via direct protein-protein interactions with other MMR proteins, such as MutL and MutH. In this model, ATP is required as a`proofreading' means to verify mismatch recognition by MutS and allow subsequent signaling events. Signaling to MutH requires ATP-hydrolysis by MutL. Additional details of the three models are presented in the text manner generating a-or O-shaped structures with the mismatch located within the loop. 3, 20 In this model, recognition of mismatched DNA by hMutSa does not require ADP binding, although the presence of ADP increases mismatch binding specificity. 36 ATP binding then stimulates dissociation of hMutSa from the mismatch and ATP hydrolysis provides the energy for translocation of hMutSa along the helix contour. 36 In both models, hMutSa leaves the mismatch, diffusing along the DNA, and can signal subsequent repair events, thus linking mismatch recognition to the strand break or DNA terminus that directs excision to the newly synthesized strand. 35, 36 Very recently, a third model has been proposed on the basis of the crystal structure of bacterial MutS proteins bound to mismatches, which challenges the idea that MutS proteins leave the mismatch. 18, 26 Based on the sharp kinking of mismatched DNA and the conformational changes of MutS upon DNA binding, in this`induced fit' model it is argued that MutS does not leave the mismatch and marks subsequent repair events, including strand discrimination, via direct protein-protein interactions with other MMR proteins, such as MutL and MutH 18, 26 ( Figure 2C ). A critical observation in support of this model is that, in the presence of MutL and ATP, MutS can activate MutH-mediated cleavage in trans, i.e. the mismatch and the hemimethylated GATC site can reside on two separate DNA molecules. 28 In this model, the requirement of ATP is explained as a`proofreading' means to verify mismatch recognition by MutS, as ATP binding reduces the MutS affinity for homoduplex DNA more than for heteroduplex DNA. Furthermore, ATP would play a second role, of authorization of subsequent repair events, as only ATP binding by MutS would allow productive interaction with MutL. 28 Clearly, additional biochemical, biophysical and structural studies are necessary to establish the relative merits of these models and dissect the discrete temporal and spatial steps involved in MMR initiation. Certainly, the structural biology data discussed earlier support the notion of MutS conformational switch(es) induced by cycles of nucleotide binding and hydrolysis. 29 However, in the presence of ATP and MutL (or MutL homologues), MutS (or MutS homologues) do(es) not seem to leave the mismatch. 37 ± 39 The extrusion of the a-or Oshaped loop visualized by electron microscopy might be compatible with MutS not leaving the mismatch and threading the DNA through the second channel. A related explanation, more consistent with the crystallographic dimensions of the MutS dimer, is that electron microscopy visualized a MutS tetramer, with one dimer bound to the mismatch and the other threading the DNA. 40, 41 An advantage of models in which MutS does not leave the mismatch is that it can mark the site where exonucleolytic degradation can stop and DNA synthesis can resume.
How does MutS modulate MutL and MutH function? Via structural modeling based on crystallographic data, it has been proposed that a MutL dimer interacts with MutS transmitter region: through this region, the conformational changes of concomitant ATP and mismatch DNA binding can be signaled to MutL. 18 In turn, MutL can signal to MutH via structural changes that depend on ATP hydrolysis. 28 It is likely that coordinate cycles of nucleotide binding and hydrolysis in MutS and MutL regulate both MMR initiation and later events of DNA resynthesis. 30 Given the high degree of sequence conservation, similar mechanisms relying on intra-and intermolecular allosteric communication are likely to take place in mammalian cells where they are further complicated by additional interactions such as those involving PCNA.
Multiple roles of PCNA interactions in MMR
Proliferating cell nuclear antigen (PCNA) is an auxiliary factor for DNA polymerase d and e and is necessary for DNA replication. It is as a toroidal (doughnut-shaped) heterodimer that is loaded onto DNA by replicative factor C (RFC) in an ATP-dependent process, and acts as a sliding clamp that encircles template DNA and provides processivity to the associated DNA polymerase. PCNA is emerging as a key player linking early and late events during MMR and possibly mediating strand discrimination. PCNA entry in the MMR field was marked by its identification as an interactor of human MLH1 in a yeast two-hybrid screening. 42 In addition, some non-lethal mutations of the pol30 gene (encoding the yeast PCNA) give MSI and a mutator phenotype, and are epistatic with MMR gene mutations. 42, 43 More recently, PCNA was found to interact with MSH3 and MSH6. 44 ± 46 The interaction occurs between the interdomain connector loop of PCNA and the conserved motif QXXL/IXXFF, located at the N-terminus of MSH3 and MSH6 and also present in other PCNA-interacting proteins, including FEN1, DNA ligase I, p21
Cip1/WAF1 and DNA methyltransferase. Mutations of this conserved motif in yeast Msh3 and Msh6 abolish interaction with PCNA and yield a mutator phenotype. 44 ± 46 Incubation of MMR-proficient extracts with peptides corresponding to the PCNA interacting motif of p21 Cip1/WAF1 , MSH3 and MSH6 inhibits MMR at the initiation step, i.e., before excision and DNA resynthesis. 42, 44, 46 Co-immunoprecipitation experiments, demonstrating an interaction with MSH2, MHL1 and PMS2, also place PCNA at the initiation step. 23 During MMR initiation, PCNA may have a double role. It increases specificity of mismatch recognition by Msh2-Msh6. 45 However, PCNA also disrupts ternary complexes of Msh/Mlh heterodimers and mismatched DNA upon loading onto DNA, and causes the Msh/Mlh complex to slide away from the mismatch. 47 Thus, after an early role in facilitating mismatched DNA binding, PCNA may subsequently help mobilizing the MSH/ MLH complex away from the mismatch in search of the strand discrimination signal. 47 Strand discrimination might be provided minimally by the interaction of MMR proteins with the replicative polymerase via PCNA: in this way, DNA termini at the replication fork would be readily accessible to MMR proteins. A direct association of MMR proteins with DNA replication is confirmed by the colocalization of MSH3 and MSH6 with PCNA and newly replicated DNA. 46 Finally, after excision, PCNA would participate in the DNA resynthesis step. 23 Since the PCNA homotrimer cannot accommodate all the PCNA interactors, its interactions need to be transient and dynamically change as the MMR reaction progresses.
Additional interactions in MMR during excision and resynthesis
After MMR initiation, additional protein-protein interactions mediate subsequent repair steps. In E. coli, the excision step is mediated by 5'43' and 3'45' exonucleases but requires MutS and MutL. Not surprisingly, a direct interaction between the human 5'43' exonuclease EXOI/HEXI and MSH2 has been detected. 48 Based on the mutator phenotype of yeast Exo I mutants, EXOI/HEXI is likely to play a role in MMR. This is confirmed by the detection of germline mutations of the EXO1 gene 49 in patients affected with hereditary colorectal cancer, the disease linked to MMR gene mutations (see below).
Human polymerase d and perhaps e effect DNA resynthesis. 50 This process might be regulated by the above-mentioned interaction between MMR proteins and PCNA and also involves the single-strand binding, heterotrimeric complex RPA. Finally, the ligase involved in human MMR is likely to be DNA ligase I, based on its association with DNA polymerase d and PCNA. 3 The multiple interactions occurring during MMR are depicted in Figure 3 .
Mutations of MMR genes in cancer: disease causation by faulty interactions
Mutations in MMR genes determine a status of genomic instability that is associated with predisposition to cancer ( Table 1 ). Many reviews have comprehensively covered the relationship between MMR gene defects and cancer. 51 Germline mutations of MMR genes are found in families affected with hereditary nonpolyposis colorectal cancer (HNPCC) or Lynch syndrome, an autosomal dominant disease predisposing to cancer of the colon, endometrium, stomach, ovary, urinary and biliary tracts. 51 Somatic mutations of MMR genes and epigenetic inactivation of MLH1 are also found in 12 ± 15% of sporadic colorectal cancer cases and in a variable fraction of cancers of the endometrium, stomach and other sites. Due to unrepaired slippage intermediates originated during replication of simple repetitive sequences, tumors from HNPCC individuals and sporadic MMR-defective tumors manifest microsatellite instability (MSI). 52, 53 Pathogenetic mutations of MMR genes often involve frameshift-inducing insertions/deletions, non-sense mutations, or changes in critical residues directly affecting catalytic (ATP binding/hydrolysis) or DNA binding activity. However, in some cases, disease-causing missense mutations are pathogenetic because they disrupt critical proteinprotein interactions during MMR. Thus, several MLH1 missense mutations found in HNPCC kindreds cluster in the C-terminal region of the protein and impair the interaction with PMS2. 54 Interestingly, similar studies concluded that several HNPCC mutations in MSH2 do not affect its interaction with MSH6. 55 Finally, based on structural considerations modeled on bacterial MutS proteins, several MSH2 mutations in the transmitter region linking the ATPand DNA-binding sites may impair the interaction and signaling with MLH1. 18, 26 Thus, aberrations in both intraand intermolecular interfaces of the MMR heterodimers hMutLa and hMutSa play a direct role in cancer causation. 
Role of MMR components in transcription-coupled repair
Nucleotide excision repair (NER) is a versatile DNA repair system involved in the removal of a variety of lesions ranging from UV light-induced pyrimidine dimers to bulky adducts, such as those generated by benzo[a]pyrene and cisplatin. 56, 57 Although structurally unrelated, these lesions share the ability to distort the helix and covalently modify the DNA. 56 Approximately 30 polypeptides are involved in NER at the steps of DNA damage recognition, excision of the lesion, resynthesis, and ligation. 56, 57 Two NER pathways are known: global genome repair (GGR), a general pathway involved in unbiased repair throughout the genome, and transcription-coupled repair (TCR), a repair system that preferentially corrects lesions in the transcription template strand of RNA polymerase II-transcribed genes. 58, 59 Studies in E. coli, yeast, and mammalian cells demonstrate the involvement of MMR proteins in TCR. Both mutS and mutL, but not mutH, E. coli mutants show reduced TCR of UV damage and slightly increased UV sensitivity. Similarly, human cancer cell lines and lymphoblastoid cultures harboring defects in MSH2, MLH1 and PMS2 do not exhibit TCR of UV damage, i.e. there is no difference in repair of the transcribed versus the non-transcribed strand. These cancer cell lines also show increased sensitivity to UV irradiation. 60 These findings have been somehow mitigated by subsequent studies, which failed to detect UV sensitivity of human MMR-deficient cancer cell lines and showed reduction, but not abrogation, of UV damage TCR in MSH2-and MLH1-deficient cell lines. 61 The discrepancy might be due to the different methods used to measure repair on the transcribed versus the nontranscribed strands and might reflect the absolute requirement of MSH2 and MLH1 in TCR of only some specific UVinduced lesions, such as pyrimidine dimers, but not (6-4) photoproducts. 61 TCR can also occur outside of the NER realm, i.e., in the repair of oxidative damage induced by ionizing radiation, which may proceed via the action of DNA N-glycosylases in a pathway of base excision repair. Interestingly, MSH2, but not MLH1, is involved in TCR of oxidative damage; TCR of specific oxidative lesions, thymine glycols induced by H 2 O 2 , is completely absent in MSH2-defective cell lines, 61 and TCR of 8-oxoguanine appears to be reduced in human tumor cell lines devoid of MSH2. 62 Yeast mutants for the Msh2, Mlh1, and Pms1 genes are deficient in TCR of thymine glycols, but, unlike mammalian cells, do not show alterations in TCR of UV repair.
Although the mechanistic details of the involvement of MMR proteins in TCR are not known, specific interactions between Msh2 and NER proteins have been detected in yeast. 63 In S. cerevisiae, Msh2 was found to interact with Rad1, Rad2, Rad3, Rad10, Rad14 and Rad 25 (homologues of human XPF, XPG, XPD, ERCC1, XPA and XPB, respectively) (Figure 3) . Since all these NER factors are required for TCR, their interaction with MSH2 may mediate the role of MMR proteins in TCR. 63 One possibility is that via the interaction with Rad 3 and Rad 25 (human XPD and XPB), which are also components of the basal transcription factor TFIIH, Msh2 contributes to the recognition of a stalled RNA polymerase on the transcription template strand at sites of DNA damage.
Additional mechanistic possibilities are that MMR proteins might function in TCR by sensing the DNA damage itself as the MSH2-MSH6 heterodimer can bind to some lesions repaired by NER via GGR or TCR, including cisplatin adducts 64 and 8-oxoguanine:A and 8-oxoguanine:C mismatches. In fact, it has been suggested that binding of MMR proteins to 8-oxoguanine may in itself cause stalling of RNA polymerase, providing the initializing signal for TCR. 62 Finally, MMR proteins may function later during resynthesis of the transcribed strand. 61 It will have to be determined whether MMR and NER proteins are part of a single, multifunctional complex or whether distinct complexes exist that contain various complements of MMR and NER polypeptides. 63 Regardless of the specific mechanistic role, the involvement of MMR proteins in TCR of UV and oxidative damage suggests that inactivation of MMR function may lead to the accumulation of both environmental and endogenous oxidative DNA lesions, including those generated during normal metabolism. This might contribute to the pathogenesis of hereditary and sporadic colorectal cancer.
MMR and TCR: a link to BRCA1 and BRCA2?
The tumor suppressor genes BRCA1 and BRCA2 are responsible for the majority of the cases of hereditary predisposition to breast and ovarian cancer. In addition to their role in the repair of DNA double-strand breaks, BRCA1 and BRCA2 are also involved in TCR. Mouse embryonic stem (ES) cells with homozygous inactivation of Brca1 and human cancer cells containing mutated BRCA1 or BRCA2 genes display reduced TCR of the oxidative damage, including thymine glycols and 8-oxoguanine, generated by exposure to ionizing radiation and hydrogen peroxide, but the global genome repair (GGR) of oxidative damage is not affected. 62, 65, 66 Interestingly, TCR of UV damage is normal in murine Brca1 7/7 ES cells, suggesting a specific requirement of BRCA1 in TCR of oxidative damage. 65 This is reminiscent of the opposite obligatory role of MLH1 in TCR of UV, but not oxidative damage. 61 Consistently, Brca1 7/7 ES cells and BRCA1-defective breast cancer cells are hypersensitive to ionizing radiation and hydrogen peroxide, but not UV irradiation. 65, 66 This hypersensitivity and the defective TCR of oxidative damage can be corrected by re-expression of BRCA1.
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These observations raise the possibility that MMR and BRCA proteins work coordinately in TCR of oxidative damage. This possibility has been strengthened by the recent finding that a large (42 MDaltons) complex of BRCA1-associated proteins, named BASC (for BRCA1-associated genome surveillance complex), contains MSH2, MSH6, MLH1 and, by inference, PMS2, in addition to ATM, BLM and RAD50-MRE11-NBS1. 67 It is also known that BRCA1 interacts and colocalizes with BRCA2 ( Figure 3) . It is possible that the MMR proteins, in particular the heterodimer MSH2-MSH6, provide a DNA damage recognition signal that is required for the BRCA1-and BRCA2-dependent TCR. 59, 67 Alternatively, via its interaction with RNA polymerase II and basal transcription factors TFIIH, TFIIE and TFIIF, BRCA1 may facilitate identification of the transcribed strand by MMR proteins or coordinate active transcription with repair of the transcribed strand.
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BRCA1 interacts directly with MSH2, MSH3 and MSH6, and the BRCA1 interactor BARD1 associates with MSH2. 68 Interestingly, BRCA1 appears to display high affinity for the ATP-bound but not ADP-bound form of the MSH2-MSH6 heterodimer, suggesting that BRCA1 may be involved in regulated signaling to downstream events during repair of oxidative damage/mismatched bases. 68 Although the binding interfaces and the mechanistic details of the interaction between MMR and BRCA proteins require additional investigation, it is certainly interesting that mutations in the respective genes are associated with cancer predisposition. Intriguingly, although some specific Ashkenazim mutations in BRCA1 and BRCA2 are not linked to an excess of colorectal cancer, it has been reported that BRCA1-and BRCA2-mutation carriers are at increased risk of developing colorectal and other gastrointestinal cancers. Similarly, it has been proposed that breast cancer be considered an integral component of the tumor spectrum of HNPCC. Its incidence seems to differ in HNPCC families that are MSH2 mutation-positive (breast cancer under-represented) versus those that are MLH1 mutation-positive or mutation-negative (breast cancer over-represented). Certainly, delineation of the target organ profile of defective MMR or BRCA genes will stem from a more complete understanding of their functional interactions in DNA repair and related processes.
Interactions of MMR components with base excision repair: MED1 and the possible role of DNA methylation in DNA repair
The recent identification of the DNA N-glycosylase MED1 as an interactor of MLH1 provides an interesting link between MMR and BER, and reveals initial clues to an unprecedented role of DNA methylation in DNA repair processes in humans. 69 The repair patches of NER and MMR systems comprise 24 ± 34 bases-and 1.5 ± 2 kilobases-long oligonucleotides, respectively. On the contrary, BER usually acts in a lesionspecific manner on individual DNA bases: DNA N-glycosylases, the initial enzymes in BER, remove damaged bases via the cleavage of the N-glycosylic bond. 70 ± 73 The ensuing apurinic/apyrimidinic (AP) site is then converted into a singlenucleotide gap by AP endonucleases and 3'-and 5'-phosphodiesterases. DNA polymerase b and DNA ligase complete the repair by filling-in and sealing the gap. 70, 71 BER is mostly involved in the repair of endogenous oxidative lesions of bases caused by reactive oxygen species generated during aerobic metabolism, and of exogenous lesions, such as alkylation of purines and formation of etheno adducts, caused by alkylating agents and the carcinogens vinyl chloride and ethyl carbamate. 70 ± 74 However, in some special instances, BER acts on mismatches via the action of mismatch-specific DNA Nglycosylases. Thus E. coli MutY and its human homologue MYH act as adenine glycosylases on A:C and A:G mismatches as well as on adenine paired with the oxidative lesion, 8-oxoguanine. 70, 71 Recently, a second activity distinct from MMR and operative on A:C mismatches has been described. 75 Finally, mismatch-specific uracil and thymine glycosylases, such as TDG, are known to act on G:U and G:T mismatches generated by spontaneous hydrolytic deamination of cytosine and 5-methylcytosine to uracil and thymine, respectively. 76 These mismatch-specific activities of BER imply coordination with MMR in order to minimize the possibility of inducing mutations during repair. Thus, for a G:A mismatch due to misincorporation of the G on the newly synthesized strand, MMR would correctly repair to T:A, but removal of the adenine from the old strand by MYH would cause a G:C transversion mutation. The molecular details of this likely coordination between MMR and BER are not known. However, the recent cloning of the DNA repair enzyme MED1 may lead to a clarification of this problem. 77 The human MED1 protein was identified as a MLH1 interactor in a yeast two-hybrid screening 69 ( Figure 3 ). MED1 protein contains an N-terminal 5-methylcytosine binding domain (MBD) and a C-terminal catalytic region with homology to bacterial BER DNA N-glycosylases/ lyases, such as E. coli endonuclease III and MutY, Methanobacterium thermoautotrophicum Mig×Mth, and Micrococcus luteus UV-repair endonuclease. 69 This structure implies a novel, unprecedented role of DNA methylation in eukaryotic DNA repair processes, and is reminiscent of the role of adenine methylation in bacterial MMR.
69 MED1 binds to oligonucleotides containing 5-methylcytosine on one or both strands (hemimethylated or fully methylated DNA), and has endonuclease activity on a supercoiled plasmid DNA substrate, hence the name MED1 (methyl-CpG-binding endonuclease 1). 69 Originally, it had been proposed that MED1 might function in long-patch MMR as a candidate eukaryotic homologue of E. coli MutH, in analogy to the MutL-MutH interaction in this system; or that it may work in a shortpatch MMR pathway, similar to the E. coli Vsr endonuclease, which also interacts with MutL. 69 However, MED1 does not seem to display endonuclease activity on double-stranded oligonucleotides, 78 and subsequent experiments appear to rule out a possible role of MED1 and DNA methylation in MMR strand-discrimination in vitro. 79 
Cell Death and Differentiation
More recently, MED1, also known as MBD4, was shown to act as a G:T and G:U mismatch-specific thymine and uracil glycosylase. 78, 80 The glycosylase activity of MED1 preferentially targets G:T and G:U mismatches in the context of methylated and unmethylated CpG sites. 78, 80, 81 This suggests that MED1, like its cognate human mismatch-specific thymine and uracil glycosylase TDG, 76 is involved in the repair of deaminated 5-methylcytosine and cytosine at CpG sites. 77 Although MED1 and TDG do not display any sequence homology, their similar biochemical activity raises the issue of functional redundancy.
Mutagenesis by deamination of 5-methylcytosine to thymine at CpG sites is a prominent force of genetic instability in the evolution of primates, in human evolution and genetic variation, and in cellular evolution during tumorigenesis (references in 77 ). Indeed, it is estimated that a large fraction of cancer mutations, including nearly 50% of somatic mutations of the tumor suppressor gene TP53 in colorectal and brain cancer are G:C to A:T transitions at CpG sites, the result of unrepaired deamination events. Since G:T and G:U repair systems are generally effective in protecting cells from spontaneous mutagenesis, 82 it is reasonable to hypothesize that inactivating mutations of TDG and MED1 may accelerate the accumulations of these transition mutations at CpG sites in TP53 and other cancer genes. Whereas TDG mutations in human cancer have eluded detection, the MED1 (MBD4) gene is mutated in human MSI colorectal, endometrial, pancreatic, and gastric carcinomas that exhibit a defect in the MMR genes MLH1 and MSH2 (Yokozaki, personal communication). 83, 84 As a consequence of the generalized MSI due to MLH1 or MSH2 inactivation, polyadenine microsatellites in the coding region of the MED1 gene contract or expand, causing frameshifts, which predict the synthesis of truncated proteins lacking the C-terminal catalytic domain. 77 It should be pointed out that these are the only truncating mutations affecting a protein with DNA Nglycosylase activity ever described in human cancer. In addition, in colorectal cancer loss of heterozygosity at the MED1 (MBD4) locus has been reported, 84 lending support to the idea that this gene may act as a tumor suppressor of the caretaker type. Thus, a fraction of MSI human carcinomas are defective not only in long-patch MMR but also in MED1 thymine and uracil glycosylase activity. It remains to be demonstrated whether MED1 mutations are present in the more common microsatellite-stable (MSS) carcinomas.
Despite their potential antimutagenic function, the involvement of MED1 and TDG in tumorigenesis and their impact on mutation rate at CpG sites await formal demonstration. A related issue pertains to the possible redundancy of these two enzymes. Fundamental differences in the biochemical properties of TDG and MED1 have been uncovered. TDG preferentially targets G:U and G:ethenocytosine mismatches over G:T mispairs. 85 To the contrary, the k cat of MED1 for G:U and G:T mismatches is similar whereas the activity on G:ethenocytosine is very weak. 78, 81 This suggests that MED1 may be the main guardian of genetic fidelity at CpG sites. In principle, in addition to these biochemical differences, the redundancy of MED1 and TDG might be limited by spatially/temporally restricted expression patterns and by functional differences pertaining, for instance, to the role of DNA methylation and the MBD, that is present in MED1 but not in TDG (see below).
What is the role of the MLH1-MED1 interaction? MED1 and MLH1 coimmunoprecipitate in human cells and the interaction appears to have functional consequences. Thus, transfection in MSS cell lines of a deletion mutant lacking the MBD domain but maintaining the region of interaction with MLH1 is associated with microsatellite instability of a b-galactosidase reporter gene. 69 However, since this result was obtained with a MED1 deletion mutant and not with a null mutant, care should be used in the interpretation of the physiological significance of this experiment. Thus, the association with MSI, rather than reflecting a direct role of MED1 in long-patch MMR, is more likely to be due to the MED1 deletion mutant sequestering MLH1 in mislocalized, non-functional complexes.
MED1 binds very tightly to the AP site reaction product generated by its glycosylase activity. 78 This feature, also described also for TDG and MutY, may allow protection of the AP-site before processing by AP endonuclease, but may also signal a DNA damage checkpoint. 78 Perhaps the interaction with MLH1 may serve a signaling role. 78 Alternatively, the interaction with MLH1 may allow a cross talk between long-patch MMR and BER in the repair of potentially conflicting lesions, such as G:T mismatches in the context of CpG sites due to the misincorporation of G in the newly synthesized strand opposite a T (as discussed above for MYH and G:A mismatches). Albeit misincorporation of G opposite T is rare, its repair by long-patch MMR would be antimutagenic, whereas processing by MED1 would lead to removal of the T resulting in A:T to G:C transitions. 77 A similar coordination has been proposed to occur in E. coli between long-patch MMR and short patch Vsr endonuclease and to be mediated by MutL. 86 It is also possible that MLH1 facilitates binding of MED1 to DNA, similar to MutL stimulation of Vsr and MutS DNA binding.
Finally, the role of MLH1 in MED1 repair reactions may involve interplay with DNA methylation, as a distinguishing feature of MED1 in comparison to TDG is the presence of the MBD domain. Since the MBD and methylation of the mismatched CpG sites are not required for efficient catalysis by MED1, 78, 81 the MBD is involved in some other function perhaps integrating the epigenetic signal of cytosine methylation with MED1-or MLH1-mediated transactions. One possibility is that the MBD facilitates localization of MED1 to regions of the genome rich in methylated CpG sites. 78, 80 Role and interactions of MMR components in recombination and meiosis
In bacteria and yeast, MMR is involved in suppression of homologous recombination between related but slightly divergent (`homeologous') sequences, thus raising a genetic barrier that prevents interspecies gene transfer. 2, 87 It is possible that during suppression of homeologous recombination, MMR proteins recognize DNA heterologies, mispairs and perturbed DNA structures, such as Holliday junctions, in a manner similar to mismatch recognition. Then, activation of subsequent downstream events would be specific for the recombinational repair pathway. 88 In yeast, binding of Msh factors would in itself abort the recombination reaction whereas Mlh factors may play a lesser role in recombination. 88 Alternatively, rejection of homeologous recombination may occur via the Msh2-Msh3-mediated recruitment of either endonucleases/exonucleases or helicases, which would respectively degrade or unwind the recombination intermediate. 88 The Msh2-Msh3 complex does recruit the endonuclease Rad1-Rad10 (homologue of the human NER factor, XPF-ERCC1) for removal of the non-homologous 3' tails 89 ( Figure 3) . The Msh2-interactor, Exonuclease I, also displays anti-recombinogenic activity. Finally, the yeast Sgs1 helicase, homologue of the Bloom and Werner syndrome proteins, BLM and WRN, acts in the same epistatic group with MMR proteins in suppressing homeologous recombinations as well as gross chromosomal rearrangements. 90 Interestingly, in two budding yeast species, defects in MMR promote homeologous recombination at telomeric and subtelomeric sequences, maintaining telomere length in the absence of telomerase activity, an effect that might also occur in MMR-defective tumors. 91 The molecular mechanisms underlying suppression of genetic recombination by MMR in mammalian cells are less clear and the relevant interactions with recombinationspecific factors are not established. Recently, the human Bloom syndrome helicase BLM, a component of BASC, was shown to directly interact with MLH1 (Figure 3) , 92 lending support to the above mentioned genetic interaction detected in yeast between Sgs1 and Msh2. 90 MMR does appear to suppress somatic recombination in mammalian cells. Thus, a human HeLa subclone lacking expression of PMS2 was found to have an increased rate of somatic recombination between two copies of a selectable gene, in comparison to the MMR-proficient parental cell line. 93 Similarly, increased somatic recombination has been reported in Msh2-null mouse ES cells. 94 Lymphomas in Msh2-null mice may arise through chromosomal aberrations caused by this hyper-recombinogenic phenotype. Based on these findings, it is indeed surprising that MMR-deficient human tumors usually exhibit a diploid or near-diploid karyotype. 24 In addition to a role in somatic recombination, MMR proteins are involved in the regulation of meiotic recombination. In this area, the initial observations were conducted in yeast. Fidelity of chromosome segregation requires both sister chromatid cohesion and meiotic crossing-over of homologous chromosomes. 95 Yeast mutants defective in Mlh1 and Mlh3 show reduction in meiotic crossing-over and this effect is epistatic with Msh4 and Msh5 mutations, thus indicating that the heterodimers Msh4-Msh5 and Mlh1-Mlh3 function during meiotic recombination 25 ( Figure 1 ). No meiotic phenotype was observed for yeast Mlh2 and Pms1 mutants. 25 In keeping with the meiotic phenotype of their yeast homologues, Mlh1 7/7 , Msh4 7/7 and Msh5 7/7 male and female mice are sterile; and unlike yeast Pms1 mutants, Pms2 7/7 mice exhibit male infertility. 96 ± 99 In Mlh1-null mice, chromosomal pairing is initially normal and sterility is the consequence of reduced crossing-over. 97 In normal spermatocytes, Mlh1 protein localizes at chiasmata, the points where crossing-over occurs; in oocytes, Mlh1 localizes at the synaptonemal complex and at chiasmata. In Mlh1-null mice, chiasmata in male and female meiosis are reduced by 1 ± 2 orders of magnitude and homologous chromosomes are frequently separated. 97 These findings clearly establish a role for Mlh1 in chiasma formation and stabilization.
Male sterility in Pms2 7/7 mice is associated with defects in chromosomal synapsis indicating a requirement for Pms2 at an earlier stage than Mlh1. 96 The meiotic defect in male and female Msh4 7/7 and Msh5 7/7 mice is similar, in that chromosomes fail to undergo normal pairing during zygonema, consistent with their coordinate obligate role at the same time in meiosis. 98, 99 Based on the above findings, it would be interesting to ascertain also whether Mlh3-null mice are sterile and exhibit a meiotic phenotype.
Mechanistically, it has been hypothesized that MSH4-MSH5 and MLH1-MLH3 complexes promote the formation and stabilization of Holliday junctions and their preferential resolution into cross-overs rather than noncross-overs. 100 Apoptosis was observed in Mlh1-null, Msh4-null and Msh5-null mouse testes, suggesting that abnormal meiosis activates a checkpoint leading to cell death via Msh4-Msh5 and Mlh1-Mlh3 complexes. 100 This implies coordination between DNA perturbation and MMR-mediated regulation of apoptosis. This is an emerging function of MMR proteins, not only in meiotic cells but also in mitotic cells (see below).
A schematic of the multiple interactions of MMR proteins in TCR, BER and recombination is shown in Figure 3 .
Signaling aspects of MMR proteins in sensing DNA damage and promoting apoptosis
An important function of MMR proteins is to sense DNA damage and mediate the induction of apoptosis. Although this process is still poorly understood and the relevant physical interactions involved are not known in detail, a network of functional and signaling interactions stemming from MMR proteins is taking shape.
MMR and DNA damage: response to alkylating agents, cytotoxicity and cell cycle checkpoints Cytotoxicity of some alkylating agents and some DNA damaging and anti-cancer agents requires a functional MMR. ±meG is associated with cross-tolerance to 6-thioguanine (6-TG), another antiproliferative agent used in the clinic. The methyldonor S-adenosylmethionine methylates 6-TG to form S 6 -methylthioguanine (S 6 ±meG) in a non-enzymatic reaction. The role of MMR in tolerance to alkylating agents can be explained by the recognition and binding of O 6 ±meG and S 6 ±meG by hMutSa. In addition, both O 6 ±meG and S 6 ± meG can direct misincorporation of T during DNA synthesis. The resulting O 6 ±meG:T and S 6 ±meG:T mismatches are recognized even more efficiently by MMR, and O 6 ±meG:T effectively stimulates the ATPase activity of the MSH2-MSH6 heterodimer.
Interestingly, cytotoxicity of alkylating agents is associated with a G 2 -M cell cycle checkpoint. MNNG or 6-TG treatment induces a G 2 cell cycle arrest in cell lines harboring a functional MMR, in keeping with the postreplicative nature of this repair system. To the contrary, upon alkylating agent exposure, MMR-deficient cell lines are able to go through the G 2 -M checkpoint and arrest in G 1 , the secondary cell cycle hit of 6-TG. 103, 104 Thus, the defective G 2 -M checkpoint induced by 6-TG exposure of MLH1-defective human colorectal HCT-116 cells and of Mlh1-deficient mouse embryonic fibroblasts (MEFs) can be restored by transfer of human chromosome 3 and expression of the human MLH1 gene, respectively. 103, 104 In Mlh1-deficient MEFs, within one day of restoration of the G 2 -M checkpoint by expression of human MLH1, the cell cycle profile showed a possibly apoptotic, pre-G1 peak. 104 
MMR and induction of apoptosis: implications for tumorigenesis
What is the relationship between alkylating agents, MMR and induction of cell death? Traditionally, two models have been proposed, which at the present status of knowledge are not necessarily mutually exclusive: the model of futile cycles of repair and the model of direct signaling of apoptosis.
In the first model, initially proposed for E. coli, MMR of mismatches containing O 6 ±meG or S 6 ±meG leads to the removal of the paired C or T in the newly synthesized strand. However, persistence of the alkylated base in the template strand promotes additional futile cycles of excision and resynthesis, ultimately leading to replication fork delays, strand breaks and gaps, which in turn induce cell death. This model explains the observations that cell death and the parallel induction of chromosomal rearrangements occur only in the second cell cycle after treatment with the alkylating agent. 105 In the second model, recognition of DNA damage by MMR proteins initiates a signal transduction cascade directly activating the cell cycle checkpoint and engaging the apoptotic machinery. 35, 64, 103 This model is compatible with the finding that, in MMR-proficient and -deficient cell lines, overexpression of MSH2 and MLH1, but not MSH6, MSH3 and PMS2, induces apoptosis, 106 further highlighting the primary signaling properties of MSH2 and MLH1. Indeed, this model represents an extension of the concept of MMR proteins as molecular switches. 33 Both models have an important implication, in that they provide an explanation for the selection/growth advantage of cells harboring MMR gene mutations during tumorigenesis: in addition to the acquisition of a mutator phenotype, inactivation of MMR may endow tumor cells with a reduced apoptotic response to the DNA damage elicited in the gut by exogenous (food-borne) or endogenous mutagens and alkylating agents. 35, 106 In this context, subsequent accumulation of frameshift inactivating mutations in the proapoptotic genes BAX and, possibly, caspase-5 may give tumor cells an additional growth advantage.
Involvement of p53-dependent and -independent mechanisms of apoptosis
What are the molecular determinants of MMR-provoked induction of apoptosis? The tumor suppressor protein p53 is a classic transducer of the apoptotic signal of DNA damage and environmental stress. 107 Activation of p53 by these stimuli leads to its phosphorylation, stabilization and transcriptional modulation (both activation and repression) of p53-target genes. 107 In addition, p53 regulates cell cycle progression by controlling the G 1 -S and G 2 -M checkpoints. Thus, p53 is an obvious candidate for mediating the MMRdependent apoptotic response to alkylating agents.
Indeed, p53 is phosphorylated on serine residues 15 and 392 in response to MNU and MNNG alkylation damage. 108 These phosphorylation events, which accompany an increase in p53 protein levels, are dependent on functional hMutSa and hMutLa and independent of hMutSb. 108 Despite these observations, several studies rule out a necessary role of p53 in the apoptosis induced by methylation damage. Thus, induction of apoptosis in human lymphoblastoid cells treated with MNNG is dependent upon functional hMutSa; interestingly, in the same system, stabilization of p53 is also dependent upon functional hMutSa. 109 However, when p53 expression was abrogated by transfection of the human papilloma virus 16 E6 gene, MNNG-induced apoptosis was not affected, as it would be expected for a p53-independent process. 109 How can the p53-independent nature of alkylating agentinduced apoptosis be reconciled with the MMR-dependent phenomena of p53 phosphorylation on serines 15 and 392 and protein stabilization? It has been suggested that p53 plays two separate roles in the cellular response to DNAdamaging agents, i.e. control of cell cycle checkpoints and regulation of apoptosis. 110 Thus, it is possible that Ser-15/ Ser-392 phosphorylation and stabilization of p53 in response to alkylating agents are part of pathway(s) initiated by MMR proteins as general sensors of DNA damage; such pathway(s) would impinge on cell cycle checkpoints but not on apoptosis. Indeed, it is p53 phosphorylation on Ser-46 which plays a pivotal role in p53-dependent apoptosis. 111 The kinase phosphorylating p53 on Ser-46 might be p38. ATM and ATR might phosphorylate p53 on Ser-15, whereas Ser-392 is a possible target of casein kinase II and p38 (Figure 4 ).
The role of Abl and p73 in MMR-dependent apoptosis
The lack of a primary involvement of p53 in MMR-dependent apoptosis is not totally unexpected since this cell fate regulator is mostly involved in signaling apoptosis following double-strand DNA breaks. 112 It is likely that the definitive proof ruling out the necessary involvement of p53 in MMRregulated apoptosis will come from studies of cell death upon alkylating agent treatment of Tp53-null mouse embryo fibroblasts or ES cells.
In the absence of a necessary role of p53, what are the mediators of MMR-dependent apoptosis? In addition to alkylation damage, MMR modulates sensitivity to other DNA damaging molecules, such as cisplatin, a chemotherapeutic agent which forms intra-and interstrand adducts; the topoisomerase inhibitors, doxorubicin and etoposide; the antimetabolite, 5-fluorouracil; and ionizing radiations. 113 The degree of resistance/tolerance to these molecules afforded by defective MMR is less pronounced than that towards alkylating agents. 105 It has been suggested that this is the result of a common role of MMR proteins in signaling DNA perturbations combined with a direct role in the repair of the lesions induced by these molecules, which would be less prominent in comparisons to a major role in the repair of alkylation damage. 105 Nevertheless, it has been the analysis of the role of MMR in cisplatin-induced damage which recently disclosed an essential role of the oncoprotein Abl and the p53-related protein p73 in MMRdependent, p53-independent apoptosis.
Cisplatin forms bifunctional covalent intrastrand DNA adducts by reacting with the N 7 atoms of purines at GpG, ApG and GpNpG sequences, in order of decreasing frequency. hMutSa can bind to the cisplatin GpG adduct and to DNA containing a T opposite the 3' platinated G. 64 Binding by hMutSa is likely a reflection of the fact that the cisplatin-modified DNA is kinked towards the major groove much like mismatched DNA (see above). Loss of MMR function due to hMutSa or hMutLa defects is associated with low-level (approximately twofold) resistance to cisplatin and the related compound carboplatin. Acquisition of this low-level resistance is likely to be clinically relevant in determining failure of platinum-based chemotherapy.
As for alkylating agents, cisplatin resistance caused by loss of MMR function is likely to result from a tolerance mechanism, i.e. from the inability to detect DNA adducts and activate signal transduction pathways leading to apoptosis. One of these pathways involves the oncogenic tyrosine kinase Abl. Cisplatin and other DNA-damaging agents such as ionizing radiation and mitomycin-C can activate the Abl kinase activity, 114, 115 resulting in cell cycle arrest and apoptosis.
114 MLH1-defective HCT-116 cells and Figure 4 Cell cycle and apoptosis signaling pathways initiated by DNA damage. Ionizing radiation (or cisplatin) activates both MMR-independent and -dependent pathways, whereas alkylating agents only function through the latter mechanism. The MMR-dependent pathway activates both p53-dependent cell cycle checkpoint and p73-dependent apoptosis. In the MMR-dependent pathway, the precise involvement of the indicated signaling molecules is not well characterized. 115, 116 MMR proficiency is also associated with increased halflife and consequent stabilization of the protein p73 following cisplatin treatment, an effect that can be mimicked by cotransfection of kinase-active Abl. 116 These experiments establish p73, a p53-related protein that when overexpressed is pro-apoptotic, as a key mediator of MMRdependent, p53-independent apoptosis caused by cisplatin. Indeed, cotransfection with Abl potentiates the pro-apoptotic function of p73 but not p53. 116 Even more cogently, in Mlh1-null and Abl-null mouse embryo fibroblasts (MEFs), but not in wild-type or Tp53-null MEFs, induction of p73 by cisplatin is abrogated, thus confirming that functional MMR and Abl are necessary and p53 is dispensable for p73 response to cisplatin. 116 As expected, Mlh1-null and Ablnull MEFs show reduced sensitivity to cisplatin killing. 116 These findings outline a p53-independent apoptotic pathway initiated by cisplatin-induced DNA damage and mediated by MMR detection of DNA perturbation, Abl kinase activation and p73 stabilization (Figure 4) . The mechanistic details of this pathway are still not clear. The link between platinated DNA damage detection and Abl kinase activation has yet to be established. Perhaps, the existence of a single multimeric complex of MMR proteins and ATM, 67 an upstream effector of Abl, explains this issue. Similarly, the relationship between activated Abl and p73 stabilization is unclear; it has been reported that Abl and p73 physically interact, but tyrosine phosphorylation of p73 in response to cisplatin was not detected. 116 However, Abl was shown to phosphorylate p73 in vivo on tyrosine 99 in response to ionizing radiation. In addition, it has been described that the serine threonine kinase JNK is activated in response to cisplatin treatment in a MMR-dependent fashion; 115 it is unclear if JNK activation is independent of Abl but it does not seem to be linked to apoptosis.
In summary, MMR-dependent apoptosis is mediated by stabilization of p73, whereas the MMR-dependent induction of p53 does not elicit apoptosis and may only affect cell cycle checkpoint activation (Figure 4 ). It would be important to confirm that the MMR-dependent activation of Abl and p73 is not limited to cisplatin but also occurs in response to DNA damage primarily detected and repaired by MMR, namely that induced by alkylating agents.
Furthermore, it should be recognized that DNA damaging agents that engage multiple sensors might give rise to a complex apoptotic response. Thus, cisplatin induces parallel apoptotic pathways by activating both p73 in a MMR-dependent fashion (as described above) and p53 in a MMR-independent fashion. 116 Similarly, ionizing radiation induces apoptosis via both p53-dependent and MMRdependent (presumably p73-dependent) pathways. These two pathways are parallel and do not significantly crosstalk, giving rise to an additive effect 117 ( Figure 4 ). For ionizing radiation, the pathway of p53-mediated apoptosis is likely to depend on the induction of single-and doublestrand DNA breaks; to the contrary, the MMR-dependent apoptosis is likely caused by the binding of MMR complexes to 8-oxoguanine generated by ionizing radiation 117 ( Figure 4) . Incidentally, based on this consideration, the model of the direct signaling properties of MMR proteins might be preferred over that of futile cycles of repair, as the latter implies the presence of DNA strand breaks.
Certainly, additional studies are warranted in this area, as deviations from the general scheme described in Figure  4 have been described. Thus, p53-dependent and p53-independent apoptosis mediated by Msh2 has been described in vivo, in small intestine crypts of mice treated with alkylating agents and cisplatin. 118 Also, DNA adducts, formed by some carcinogenic aromatic amines appear to induce MMR-dependent apoptosis by both p53-dependent and p53-independent mechanisms. 119 
Conclusion and future perspectives
In 1993 MMR entered the center stage of cancer research and molecular medicine with the seminal discoveries of its role in the pathogenesis of HNPCC and resistance/tolerance to alkylating agents and other antineoplastic drugs. After 8 years of intense investigation in laboratories around the world, many aspects of the genetics, biochemistry, cell biology and pharmacology of MMR have become established`textbook' concepts in biology and medicine.
It is now clear that MMR proteins are engaged in a complex network of molecular interactions that extends to proteins participating in other DNA transactions, such as recombination, transcription-coupled repair and base excision repair. MMR proteins perform the daunting task of repairing an ephemeral DNA lesion, the mismatch, which is formed by chemically normal bases and would disappear in the next round of DNA replication. On the other hand, excessive damage beyond a critical threshold activates apoptosis in an MMR-dependent fashion. Thus, the complexity of the interactions of MMR components is a reflection of their central role in mutation avoidance and cell death regulation. Indeed, inactivating mutations of MMR genes in hereditary and sporadic cancer lead to both an increase of the mutation rate and inhibition of apoptosis.
In the future, efforts should be directed towards novel molecular approaches to cancer prevention and treatment that build on our increased understanding of MMR function. Chemopreventive agents should be developed that specifically target precancerous cells in which an incipient defect in MMR is propelling them to malignancy. Genetic selection for microsatellite stability in MMR-defective cells by the nonsteroidal anti-inflammatory drugs aspirin and sulindac 120 offers concrete hope that this approach might be effective. At the same time, novel radio-and chemotherapeutic strategies will have to take into account the MMR proficiency or deficiency of the individual tumor. Whereas MMR-proficient tumors are likely to respond to conventional alkylating and DNA damaging agents, MMR deficient malignancies could be treated preferentially with frameshift-inducing agents and other drugs for which increased sensitivity is brought about by a MMR defect.
It is likely that pharmacological exploitation of the numerous interactions of MMR proteins will prove fruitful.
For instance, acquisition of resistance/tolerance to conventional anti-neoplastic therapy by mutations in MMR genes could be circumvented by novel molecules that restore the pro-apoptotic circuitry downstream of the faulty DNA damage sensors. Similarly, it might be useful to selectively inhibit some but not all the extra-MMR interactions: inhibition of the TCR capacity of MSH2 without affecting its role in cell death might sensitize cells to oxidative damage.
Finally, eukaryotic MMR still has to disclose its most fascinating secret, the molecular determinants of strand specificity. I am confident that understanding this process in the future will lead to a deeper comprehension of fundamental features of DNA replication and repair, and will open new strategies of targeted cancer drug design.
